INTRODUCTION
B c -meson is a nonrelativistic two heavy quark system, and like (bb) and (cc) states can be considered in the potential model framework that predicts 19 bounded states (bc) below the decay threshold to BD (see [1] [2] [3] [4] ). Unlike (bb)-or (cc)-quarkonium, there are no annihilation decay modes for these states, which makes the (bc) system similar to usual bq or cq-meson.
The first observation of the ground state B c -meson was done at Tevatron collider (CDF and D0 experiments) in the two decay modes: B c → Jψlν (l = e, µ) and B c → Jψπ [5] [6] [7] [8] . Now this discovery is repeatedly confirmed by the LHC Collaborations LHCb, CMS, ATLAS in numeral decay modes: B c → Jψπ [9] [10] [11] , B c → Jψπππ [10, 12] , B c → J/ψlν [13] , B c → J/ψK [14] , B c → ψ(2S)π [15] , B c → J/ψπKK [16] , B c → JψD ( * ) K ( * ) [17, 18] ,
s [19, 20] , B c → J/ψπpp [21] , B c → J/ψ3π + 2π − [22] and B c → B s π + [23] . It is worth to note that most of these decays occur due to transformation b → cW . The only observed mode with c quark decay is B c → B s π + . The annihilation channel is not observed yet. It is interesting to note that according to theoretical predictions the dominant decay channel is c → sW , the contribution of b → cW is smaller, and the smallest contribution is due to weak annihilation channel bc → W .
Also the mass and life time are known with excellent accuracy [17, 24, 25] :
M Bc = 6274.9 ± 0.8 MeV,
τ Bc = 0.507 ± 0.009 ps.
There are some differences in the production of ordinary quarkonium with hidden flavor and the production of B c -meson. In case of B c -meson it is necessary to produce two pairs of heavy quarks, bb and cc, which leads to the strong suppression of the B c production cross section. Unlike production of quarkonium with hidden flavor, the production of P -wave states is suppressed comparing to S-wave states. The production mechanism of B c -meson and its excitations is well studied theoretically in [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . The ratio R Bc = σ(B * c )/σ(B c ) is predicted to be about ∼ 2.6 under assumption that the values of wave functions at origin for B * c and B c are the same. It is worth to note that according this study the B c -meson production at fixed gluon interaction energy resolves itself to just a b-quark fragmentation (like fragmentation b → B) only at high transverse momenta, where the cross section ratio between the production of vector state B * c and pseudoscalar state is predicted to be R Bc ∼ 1.4.
1 However the transverse momentum value where the fragmentation becomes dominant depends on the gluon energy: the higher gluonic energy, the higher this transverse momentum value. This is why the non-fragmentation mechanisms contribute to all transverse momenta.
Unfortunately the observation of B * c is extremely difficult due to the low energy of the photon in the decay B * c → B c γ. This is why in study [42] we discussed the other B c excitations, namely, 2S-wave states and P -wave states, and these states are more preferable for observation. The recent observation of 2S states in ATLAS [43] , CMS [44] and LHCb [45] made us return to this discussion.
Although the current state and prospects of research ofbc quarkonia are discussed in an excellent review [46] , we nevertheless would like to pay attention to some details.
The rest of the paper is organized as follows. In the next section decays of B c (2S) states with the emission of two π mesons is discussed. Section 3 is devoted to the description of Dwave states' spectroscopy and production. In sections 4 and 5 we give theoretical predictions 1 It is worth to mention the study [41] , where the fragmentation functions b → B c and b → B * c are estimated within one loop approximation and shown that value of R Bc do not change dramatically. 
for radiative decays of the excited states and lepton pair production in these processes. The results of our paper are summarized in the Conclusion.
The excitations of B c meson were first observed by ATLAS [43] and CMS [44] collaborations. Recently the results of CMS are confirmed by LHCb Collaboration in [45] . The experimental results are shown in Table I .
But before discussing these measurements, let us remain what was theoretically predicted.
According [42] about one half of such excitations decays to B c (B * c ) and π + π − pair:
Therefore, the predicted relative yield of 2S-excitations with
is up to 10% of total B c -meson yield. Under assumption that the radial wave functions at origin for 2 3 S 1 and for 2 1 S 0 states are approximately equal to each other, we predicted that for the total phase space
However, some models [47] [48] [49] It was also predicted in [42] that the loss of "soft" photon from B * c shifts the vector 2S-state approximately by 65 MeV and insignificantly broadens the peak:
where M is a ground state mass,
is a difference between masses of lowest vector and pseudoscalar states and ∆M = M (B c (2
is a difference between the masses of 2 3 S 1 -wave excitation and lowest vector state. As a result, the mass peak on B c + ππ spectrum for more massive vector state 2 3 S 1 will appear about 30 MeV lower, than for less massive pseudoscalar state 2 1 S 0 . It is worth noting that in our previous study [42] we have skipped the fact that the ∆M 2S is not a value of additional width itself, but an upper value of additional width. The real value of additional width depends on shape of ππ distribution: the smaller the average value of ππ invariant mass m 2π , the narrower the peak. The width can be estimated as follows:
Now let us return to the experimental results (see Table I ). At first sight the measured B c (2S) yields are essentially smaller than the predicted one, which is about 10%. However the registration efficiencies does not take into account in these experimental studies and therefore at the moment this theoretical prediction does not contradict CMS and LHCb results.
Also it is worth to note that the ATLAS measurement [43] is significantly out of the range of others, and we think that such a huge difference can not be explained by the difference in the registration efficiencies. However the mass value measured by ATLAS is in consistence with shifted value of the vector B c (2S) excitation. The resolution in ATLAS is not enough to separate peaks and this the detailed comparison with the results of other experiments, where the two peaks clearly seen.
It is very interesting to compare the ratio of yields of B * c (2S) and B c (2S) in CMS and LHCb experiments. If LHCb measured the central value which is close to the predicted one in [42] : ∼ 2.1, the CMS Collaboration measured the central value ∼ 1.3. However, the errors are quite large, and within uncertainties these results do not contradict each other.
We hope that new data will allow to compare the ratio of yields for different experiments.
The situation would be most interesting if the ratio essentially depended on kinematic region, which would indicate a crucial change of production mechanism. It is worth noting that the sharp change of this value is not expected within the conventional production model.
It will be very interesting to measure the shape of the spectrum of the invariant mass of ππ-pair in this decay and compare it with similar spectrum shape for ψ → ψ + π + π − decay. A theoretical distribution of the ππ-pair mass in this decay has been investigated since 1970s. In [50] [51] [52] [53] from the considerations based on chiral theory it was concluded that for small invariant masses of ππ-pair the amplitude of this process is approximately
π . This approximation was extended to the whole phase space of the decay (see Figure 1) . However, the data from the BESII experiment [54] shows, that it is very likely that resonant contribution to this process should be also considered. The resonant contribution is made by f 0 (600)-or σ-resonance with J P C = 0 ++ and the mass
It should be noted that there is no consensus about the nature of the σ-meson. Currently, there are generally two approaches about it. The first approach [55] is based on unitary chiral perturbation theory, considering σ as a dynamically generated resonance in ππ interactions.
The σ-meson apprears to be an S-wave ππ bound state that can be also four-quark state.
Another approach [56, 57] originates from linear sigma model. Within this approach, σ is a mixed state of two-quark and four-quark states. Such mixing couldn't be possible without chiral symmetry breaking, and thus the σ-meson can be the source of information about such breaking. As seen from J/ψ(2S) decay, the contribution from σ dominates over raw ππ-pair production. It is likely that B c (2S) meson will hadronically decay via the same or similar mechanisms, so the role of σ-meson in this case will be also dominant. The role of σ-meson in D 1 (2430) → Dππ decay was studied in paper [57] .
D-WAVE EXCITATIONS AT LHC
The production of D-wave states of B c quarkonium is not broadly discussed due to supposedly small relative yield ∼ 1% (see for example [58] , where production of D-waves in 
Since LHCb is unable to detect photon with transverse momentum about 65 MeV it is necessary for decaying B * c to have fairly large transverse momentum. It is known that production cross section is greatly reduced with increasing of the transverse momentum, so that it leads to significant decreasing of amount of events, where such photon could be detected.
The maximum photon transverse energy in the laboratory system can be calculated using the expression
This leads to, for example, that photons with transverse energy ω T > 0.5 GeV may be produced only if transverse momentum of B * c -meson p T (B * c ) > 24 GeV. Such a cut on transverse momentum decreases the yield of B * c -mesons approximately by two orders (see [42] ). It is not so for radiation transitions of 2P -wave states. In the latter case the transverse energy could be sufficiently large, even if initial state of B c (2P )-meson would have small momentum. Therefore, despite the fact that the yield of 2P -excitations is about 6-20% of total yield of B c -meson [30, 38] , it is much easier to register decays of 2P -excitations. As it was estimated in [42] , the yield of 2P -excitations emitting photon with ω T > 0.5 GeV is 25 ÷ 50 times more, than yield of vector B * c , emitting photon with the same transverse energy. It should be stressed that only 20% of all 2P -excitations emit only one photon, immediately transforming to lowest pseudoscalar state:
In all other cases 2P -states first decays to B * c while emitting "hard" photon and then decays to B c emitting "soft" photon:
The second photon ("soft") will be lost almost always. However, below it is shown that this fact doesn't prevent the experimental observation of 2P -wave states of B c -meson.
Really, it is easy to show that the loss of the "soft" photon in the cascade decay of 2P -wave states leads to broadening of the peak by the value
and to the left shifting it by ∆M * . Considering ∆M * ≈ 65 MeV and ∆M ≈ 400 MeV we can get that the value of broadening for 2P -wave states is ∆M 2P ≈ 10 MeV. 
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It is clear that this width is smaller than hardware width of the resonance and doesn't affect its detection quality at all. It should be noted that the value of broadening from "soft" photon loss for 3P -wave states is also fairly small: It is important to note that in spite of the fact that the yield of 2P -and 3P -states in Is is shown that the more minimal transverse energy of photon, the less probability it is radiated by B * c -meson.
LEPTON PAIR PRODUCTION IN RADIATIVE B c MESON DECAYS
The branching fraction of lepton pair production in radiative decays of the excited B c meson B 1 → B 2 can be written in the form [68, 69] 
where Br γ is the branching fraction of the original radiative decay, q 2 is the squared invariant mass of the lepton pair, α = e 2 /4π is the fine structure coupling constant, M 1,2 are the masses of initial and final mesons respectively, and
is the velocity of the final particles in M → m 1 m 2 decay.
It should be noted that the relation (5) is universal and does not depend on the physics of the process. The only assumption was that we neglect the q 2 dependence of the B 1 → B 2 γ * decay vertex. This assumption looks quit reasonable since typical energy deposit in the radiative decays of the doubly heavy mesons is small in comparison with quarks' masses.
As a result, the conversion factor I depends only on the masses of the initial and final particles. Masses of the leptons and ground state B c meson can be found easily [25] , while for the initial excited particles some theoretical models are required.
In the following we will present numerical values of the γ * → conversion factors for all the initial particles.
The spectroscopy of B c mesons was studied already in details. In our work we will use results presented in papers [59, 61-63, 66, 67, 70] (see also [4] ). The mass of B * c meson is not high enough for muon pair production, so only the ee channel is opened. The corresponding results are shown in Table IV . As for P wave excitations, both electronic and muonic decays are allowed (see Table IV ). As you can see, in all cases electron pair emission leads to suppression of the branching fraction by a factor ∼ 10 −2 , while in the case of µµ channel the suppression is about an order of magnitude stronger. It should be noticed, however, that even after such a suppression the branching fractions of the decays are still noticable. Since, unlike soft photon, the lepton-antilepton pair can be easily detected by the modern detectors (LHCb, etc), we think that the exited B c mesons could be observed in modes discussed in our paper. 
